ABSTRACT. Recognition of mating partners is of central importance in the sexual processes. In consideration that the most important function of sexuality is to shuffle genetic materials to generate wider variation of characters, mating among different genetic backgrounds is preferable. Wild isolates of cellular slime mold Dictyostelium discoideum are predominantly heterothallic, but homothallic ones also exist. In addition, there are bisexual strains which are compatible with either mating type of heterothallic strains but are self-incompatible. Howcells of these organisms choose proper mating partners mayinclude the essential mechanismsfor sexual cell recognition in general. This minireview addresses studies on sexual cell interactions of D. discoideum with special attention to cell recognition and evolution of the mating system.
A. Introduction
Nearly all living organisms known today possess sexual systems, including those which predominantly propagate by asexual reproduction. Sexuality generates broader spectra of characters by shuffling genetic materials, and exerts profound advantages for the survival of species in variations of environmental conditions (1) . Accordingly, mating should occur between different genetic backgrounds to maximize the benefit of sexuality and to meet the cost of sexual reproduction. In this sense, heterothallism (mating with non-self) is preferable to homothallism (mating with self). Higher organisms are mostly heterothallic, having two complementary mating types. Howwas sex invented, and how did the sexual reproduction system evolve? Whatare the molecular bases for the proper choice of mating partners? Whatare the best ways to approach to these questions? In this minireview, I will survey studies on the sexual system of the cellular slime mold Dictyostelium discoideumwith attention to cellular recognition during mating. This organism has many useful properties as an experimental material. It is haploid during most of its life cycle, with small genome size (about 35 Mb), proliferates as single amoebaewith a generation time as short as 3 to 5 h while maintaining potentiality to construct multicellular structures, and can be genetically engineered with ease. With respect to sexual studies, the induction of sexual maturation is under experimental control, and synchronous cell fusion can be achieved (2) . In consideration that the sexual systems of cellular slime molds are primitive and apparently exhibit a prototypical sexual system, their analysis may provide some hints for the above questions. Sexual and asexual life cycles of Dictyostelium discoideum, the most widely used cellular slime mold species, are shown in Figure 1 . Unicellular amoeboid cells usually feed on bacteria and propagate by binary fission.
Upon starvation, they gather and form multicellular structures called slugs, migrate for better location (toward light and away from ammonia), and make up fruiting bodies in which cells are differentiated into spores and stalk cells. Spores germinate when dislocated to fertile places. Alternatively, whenthe environment is dark and flooded, the amoeba sexually maturate, and, in the presence of proper mating type cells, they fuse together to form zygotic cells called giant cells. The giant cells secrete CAMP and attract surrounding cells by chemotaxis, engulf and digest them, and finally develop into macrocysts (3, 4) . After weeks of dormancy, macrocysts germinate to yield offspring amoebae (5).
C. Polymorphic mating systems
The first description of macrocysts was in 1957 (6) , and nearly two decades were necessary to recognize that * To whomcorrespondence should be addressed. they were products of the sexual process (7) . As a natural consequence of the fact that cellular slime molds mainly propagate asexually and, therefore, the local populations are mostly clonal, homothallic mating was detected first. Later systematic studies revealed the existence of heterothallic strains in a variety of species (8, 9, 10, ll) .
Mating systems of several widely-used species of cellular slime molds are summarized in Table I . Most of the species are heterothallic, having two complementary mating types (the binary system). An exception, Dictyostelium gigantium possesses four mating types that comprise a multiple mating system, which is typical to some protozoa such as Tetrahymena (12) . In this multiple mating system, strains of one mating type can mate with those of all other mating types, but cannot mate within the same mating type (Fig. 2a) . The mating system of D. discoideum is polymorphic. Francis, 1975 (10) CXzxk et al, 1973 In the homothallic mating system, cells of one strain can mate each with the other to form macrocysts within the clonal populations, while cells of a heterothallic strain require coexistence of different mating type cells. Whena strain of a heterothallic species with two complementary mating types can mate with strains of either mating type, it is called bisexual. Fig. 3 . A phylogenictree of the slime molds based on allozyme polymorphism (14) . Relative distances are shown. All strains are heterothallic except for underlined and marked, a: asexual; b: bisexual; h:
homothallic.
The majority of this species are heterothallic, but a few of the strains are knownto undergo homothallic mating. Somestrains of D. discoideum form macrocysts with heterothallic strains of either mating type, and are called bisexual strains (Fig. 2b ). Since they do not selfmate, we may regard them as the third mating type, D.
discoideum exhibiting a multiple mating system with three mating types. Asexual strains have not been observed to form macrocysts and are considered to be defective mutants (13) . Whyis the mating system of D. discoideum thus polymorphic? Several years ago, whenmolecular approaches to phylogeny became popular, the morphology-based classification of slime mold species was reconsidered. According to polymorphisms of isozymes (14) and of restriction fragment length (15) , the assignment of homothallic and asexual strains to D. discoideum was argued to be inappropriate. In a phylogenic tree thus developed, homothallic and asexual species of D. discoideum are on a distinct branch from that of heterothallic ones, whereas bisexual strains rest on the same branches with typical heterothallic strains of D. discoideum (upper portion of Fig. 3 ). If we define species standing on mating compatibility, this argument fits well, because heterothallic and bisexual strains are mutually cross-matable, but there is no evidence of mating between homothallic and heterothallic strains of D. discoideum.
Since no other species of cellular slime molds exhibit mating polymorphisms, the assignment of homothallic and asexual strains to distinct species seems to be accept-
able. Yet we should keep in mind that homothallic and asexual "D. discoideum-like" strains are closer to typical (heterothallic) D. discoideum strains than those of other species. The variation of mating systems within single or amongclosely related species is intriguing in consideration of evolution of the sexual system.
D. Molecules involved in sexual cell interactions What kind of molecules are involved in the sexual cell interactions?
The mechanisms of sexual cell interactions in D. discoideum have been investigated using the heterothallic strains NC4{matA) and HM1(mat a). At an early stage of the molecular analysis of cell fusion mechanisms, fusion-inhibiting antibodies were used to identify fusion-related molecules. Such molecules are listed in Table II . Two of them, gp70 and DEI antigen, are mating-type specific and probably responsible for partner recognition. The former, which has been shown to function in a Ca2+-dependent manner (16) , is specific to mat a, and the latter, to matA. Others are common to both mating types and are suspected to be involved in the step of membranefusion.
Amongthe fusion-related proteins, gpl38 has been studied most extensively. Two genes which can encode gpl38, GP138A and GP138B, have been cloned (17) . they are self-incompatible. Therefore, bisexual strains must have the meansto discriminate self and non-self underlying the self-incompatibility.
Self-incompatible and bisexual fusion can be explained by two alternative models (Fig. 4) Recently, we found that a mild protease treatment of the cell surface of a bisexual strain rendered it self-compatible (27). Namely, cells of a bisexual strain WS2162 which are competent for cell fusion with heterothallic strains of either mating type but incompetent with self, can fuse with themselves after trypsin treatment of their surfaces. This fact indicates that there is a self-recognition moleculewhich inactivates cell fusion mechanisms on the surface of bisexual strains, supporting the selfrecognition model of self-incompatibility.
Another interesting finding is that the protease-induced self-fusion products of the bisexual strain cannot complete macrocyst development. Therefore, a two-check-point system mayoperate to ensure self-incompatibility of bisexual REMIis an efficient method of insertional mutagenesis which allows rapid isolation of functionally important genes. However, in consideration of the rapid progress in experimental techniques, simply being convenient experimental materials may not be a great advantage. Rather, the importance of cellular slime molds is that they have unique mating systems. For example, polymorphic mating systems will be valuable in order to trace the evolution of sexuality; bisexuality may be an intermediate form of transition from homothallism to heterothallism, which is critically important for sexual evolution. The self-recognition model of bisexuality suggests that the invention of self-recognition molecules mayhave been the starting point for heterothallism. Thus, our understanding of the mechanismsof sexual cell fusion in these simple organisms will clarify how cell recognition systems in general and sexual systems evolved.
sion-inhibiting monoclonal antibodies and their relevant antigens in relation to sexual process of Dictyostelium discoideum. Differentiation, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] {Received for publication, April 26, 1996 and in revised form, June 6, 1996) 
